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Nanowires are promising for applications including transistors, 1,2 sensors, 3, 4 and energy conversion devices. 5 Recent research examined their potential in energy applications including thermoelectric waste heat recovery, 6 ,7 solar cells, 8 and batteries. [9] [10] [11] Zinc oxide nanostructures have generated particular interest due to their optical and electrical properties, ease of synthesis, and non-toxicity. [12] [13] [14] Most ZnO nanowire devices use electrical contacts where the contact composition and transport of energy carriers are critical for performance. 15 Contacts can dominate nanowire device response, particularly in devices exhibiting rectifying behavior. 16, 17 Nanoscale thermal contact resistance has been studied for nanowires and nanotubes. Using a contact resistance model based on acoustic mismatch theory, 18 the thermal resistance of a nanowire point contact and variations in phonon transmission through welded and non-welded nanowire contacts were determined for indium arsenide nanowires. 19 Heat generation and thermal failure limit the reliability of nanowire/nanotube devices. 20, 21 Heat generation and electrical breakdown studies on individual carbon nanotubes show failure often occurs in the interior, away from contacts. 21 There is a pressing need for a methodology, determining the impact of heat generation in nanowire devices, particularly those which may have limited electrode contact area and interfacial layers. The need is significant for oxide nanowires such as ZnO, SnO 2 , and MgO in which the nanocontact interfacial effects increase the effective contact resistance. 22 This work analyzes heat generation within a nanowire and at its contacts, and the relative heat generation is used to determine nanowire device limitations. The model is applied to ZnO nanowires fabricated here using solution-synthesis. 23 Data for ZnO, GaN, and Si nanowire structures measured by other researchers are utilized to determine the relative heat generation for a broader range of materials.
The model considers a nanowire contacted by two metal electrodes as shown in Figure 1 (a) with current flowing through the structure. The simplified one-dimensional heat diffusion equation
neglects the temperature dependence of both thermal conductivity and thermal conductance from the nanowire to the substrate. The parameters k w , q w , A, and T are the nanowire thermal conductivity, resistivity, cross-sectional area, and local temperature, respectively. The first term quantifies heat diffusion along the nanowire; the second term accounts for Joule heating within the nanowire due to current density J flowing through it. Thermal boundary conductance g is used to calculate the rate of heat loss per unit length to the underlying substrate at ambient temperature T o . By linearizing the relationship between the nanowire-substrate heat conduction with respect to the temperature difference, this analysis may overestimate the peak temperature distribution in the nanowire by up to 15% for temperature differences exceeding 1000 K. Other complications reduce the accuracy for the case of extreme temperature differences, including the temperature dependent thermal conductivity and nanowire-metal electrical and thermal contact resistances, which renders this approach approximate and best suited for scaling assessment. One-dimensional conduction is assumed, and temperature variations in the nanowire and electrode cross-sections are neglected. The resistance to heat conduction inside the nanowire and electrode cross-sections is several orders of magnitude smaller than the thermal resistance of their surroundings, so the 1D approximation is valid. 24 Heat generation occurs at the electrode-nanowire contact due to electrical contact resistance. The model is applied to Ohmic contacts in which the metal work function is smaller than the semiconducting nanowire electron affinity, and the current-voltage relationship is linear. This condition does not preclude analysis of metal-nanowire contacts with interfacial layers so long as the barrier width is thin enough to fulfill the Ohmic contact requirement. The representation of electrical contact resistance for Schottky contacts 25 is not valid in this approach because it applies only near zero bias condition and does not describe the barrier to charge carrier transport resulting in heat generation.
Research on thermal contact resistance between a nanowire and an underlying substrate provided a theoretical framework for determining this thermal resistance based on van der Waals interactions between the two surfaces. 27 An extended model accounting for ballistic and diffusive phonon transport through a nanoscale constriction was developed along with the effective reduction in fluid thermal conductivity due to the small gap between the nanowire and substrate. 28 Both approaches have been applied to experimental characterization of a carbon nanotube with the extended model predicting a value closer to the one deduced from experiments. 29 The phonon mean free path in ZnO is approximately 30 nm; the contact width between the nanowire and substrate is 2 nm for nanowires analyzed here. While the contact is smaller than the phonon mean free path, the substrate is a 200 nm layer of SiO 2 on silicon, so transport across the interface is treated as diffusive. Thermal constriction resistance R c to a substrate with thermal conductivity k s is
where L w , D, and w are the nanowire length, diameter, and the half-width of its contact with the substrate, respectively. The effective thermal resistance R f of the fluidic gap between the nanowire and substrate is
where a is 2 for an air gap at room temperature, k f is the thermal conductivity of the fluid, and k f is the mean free path of air molecules. The total thermal resistance R t is R t ¼ (R c R f )/ (R c þ R f ). The heat loss g is the inverse of this thermal resistance divided by nanowire length. The model yields the temperature profile of a nanowire with contacting electrodes. Figure 1(b) demonstrates the results for a nanowire device where symmetric contact heat generation is assumed. Asymmetric contact heating could occur in rectifying systems with Ohmic and Schottky contacts. The temperature distribution depends strongly on nanowire electrical resistance as demonstrated by the case where the large nanowire resistivity leads to a peak device temperature within the nanowire. Several researchers have conducted experiments using the resulting nanowire/nanotube failure to characterize the nanostructure's properties. 20, 30 Nonetheless, there is another critical failure mode in which metal-nanowire contact resistance dominates.
The electrothermal model is applied to measurement structures of 1% Ga-doped ZnO nanowires with Ti/Ag electrodes. The nanowires were solution-synthesized and single crystalline wurtzite in structure. 23 A dilute nanowire solution was dispersed on a silicon substrate topped with 200 nm SiO 2 . Electrodes were patterned on nanowires with electron beam lithography as shown in Figure 2 ; atomic force microscopy was used to verify electrode thickness. Images obtained with an FEI XL30 Sirion scanning electron microscope (SEM) enabled extraction of nanowire and electrode dimensions. A Keithley 2612 measured current and voltage to provide electrical resistance.
A transmission line analysis yields specific contact resistivity of the metal-nanowire contact. [31] [32] [33] The electrical contact resistance R m between the metal and the nanowire is 31, 33 
L T , the electrical transfer length 31,33
relates nanowire resistivity q w to specific resistivity of the metal-nanowire contact q c . The fraction of nanowire circumference covered by metal is F for a nanowire with radius r; the length of contact is L m . SEM imaging of the structures tilted at various angles show the majority ($75% or more) of the nanowire circumference is covered by metal. Full coverage (F ¼ 1) is assumed, providing an upper-bound on q c . The total resistance between two contacts is
)L w . A 4-point measurement reveals nanowire resistivity, which is used with 2-point measurements to determine contact resistance. Surface depletion is neglected; the analysis assumes the entire nanowire crosssection is used for electrical conduction. This assumption is validated by a calculation of the depletion width which is less than 3 nm, less than 5% of the radius. 34 Nanowire and specific contact resistivity for two structures are listed in Table I . There are two possible reasons the extracted contact resistivity spans multiple orders of magnitude. Solution-synthesized nanowires often have a surfactant coating remaining on the nanowire surface. Raman spectroscopy on the same batch of nanowires measured here shows evidence of the surfactant. 35 Multiple 4-point measurements were performed on sample 2 before the 2-point measurements. It is possible one of the electrode-nanowire contact areas decreased during the measurement. In this case, the actual contact resistivity would be lower than the value calculated using the contact area determined from pre-measurement SEM images.
Incorporating experimental nanowire and contact resistivity values into the electrothermal model indicates the peak temperature rise occurs at the metal-nanowire contact. At the maximum measured current of 5 lA, the predicted contact temperature is 900 K, which approaches the silver electrode melting point. Shown in Figure 2 , post-measurement images show device failure at the metal contact while much of the nanowire between the electrodes remains intact. The images reveal pitting of the metal at the contact, resulting in reduced contact area between the nanowire and electrode. The pitting may be due to current crowding at the leading edge of the metal-nanowire contact region. 36 The localized region of high current density at the leading edge may exacerbate electromigration of the metal electrode. Therefore, the actual contact area between the electrode and nanowire is less than the nominal value causing an increase in current density and contact temperature as shown in Figure 3 . Failure of the device occurs at one contact, indicating the contact resistances are asymmetric. Though challenging due to the rapid evolution of dimensional changes from heat generation, an informative future study would involve in situ imaging of the nanowire structure during the electrical measurement to capture the dynamic change in electrode width.
Analysis of nanowire structure failure is critical to the development of reliable devices. It is useful to compare heat generation in the nanowire divided by heat generation at the contacts. For Ohmic contacts and device current I, this nondimensional relative heat generation is represented as
where E C and E F are the semiconducting nanowire conduction band edge and Fermi level, respectively. The parameter C in the Peltier coefficient P depends on the variation of the density of states and mobility with energy. 37 The numerator represents nanowire Joule heating. The denominator has two components contributing to contact heating, the Peltier effect and the power dissipated due to electrical contact resistance. The sign of the Peltier term depends on the direction of current through the metal-nanowire contact where one contact has a positive Peltier heat release term while the other has a negative heat absorption term. The relative heat generation h thus indicates where nanowire device failure is likely. Figure 4 shows the relative heating as a function of contact resistivity for the wide range of ZnO nanowire contact resistivity. 26 As 4 . Ratio, h, of the heat generation rate in the nanowire to the heat generation at the contacts varies with electrical contact resistivity of the metalnanowire contact and indicates the likely device failure point. The figure shows the variation in h for a ZnO nanowire device operating at 1 lA for which the Peltier coefficient is evaluated at the contact temperature determined from the electrothermal model. The parameters used are
effective contact resistance of the junction increases, or nanowire resistivity decreases, the device is more prone to fail at the contact. Electrothermal transport data for relevant materials are examined to assess the impact of relative heating on an array of nanowire devices proposed for energy conversion applications. Figure 5 shows the relative heating versus specific contact resistivity for silicon, 31, [38] [39] [40] [41] [42] gallium nitride, 33, [43] [44] [45] [46] and zinc oxide. 2, [47] [48] [49] Using data reported by previous studies, the relative heat generation rate is determined assuming typical metal-nanowire contact length, nanowire length, and device current of 1 lm, 10 lm, and 1 lA, respectively. The electrical transfer length is calculated assuming full metal coverage (F ¼ 1). When not reported, nanowire radius is measured from the authors' presented SEM images using an image analysis program. If authors report carrier concentration and mobility from 4-point measurements, nanowire resistivity is calculated. The Peltier term is several orders of magnitude less than heating from contact resistivity, so this term was neglected in calculations for the data in Figure 5 .
The comparison of multiple nanowire devices demonstrates a wide range of specific contact resistivity, approximately 1.2 Â 10 À8 to 0.75 X-cm 2 . Likewise, the relative heating parameter for devices other than the solutionsynthesized ZnO nanowires spans two orders of magnitude. ZnO nanowire structures with relative heating parameters below 0.1 where contact heating dominates will likely fail during device operation due to melting of the metal contact. Little information is reported for such failures, rendering a thorough analysis of experimental electrothermal phenomena in nanowire devices difficult. The necessity of such communication is highlighted by this analysis. The paucity of such data for solution-synthesized nanowires is significant. With the exception of data reported here for ZnO, the data used to generate Figure 5 are taken from measurements of vapor-synthesized (e.g., chemical vapor deposition, vapor-liquid-solid growth) nanowires. Ease of fabrication makes solution-synthesized nanowires promising, but contact resistivity may limit their functionality and impact device performance. Annealing processes to eliminate residual surfactant are particularly limited with ZnO nanowires since an insulating oxide readily forms at the nanowire-metal contact for multiple metals, a process that can be amplified with elevated temperatures. Annealing of these solution-synthesized ZnO nanowire structures with Ti and Ti/Al electrodes showed a reduction in electrical conductivity.
This work proposes an electrothermal model, which links current-voltage measurement data to the resulting temperature profile of semiconducting ZnO nanowire devices. The contact resistance of the metal-semiconductor contact leads to heat generation at the contact, which surpasses the nanowire Joule heating. Therefore, the contact heat generation limits the operating range of the nanowire device. This approach is used to determine design and operating parame FIG. 5 . The ratio of nanowire-internal to contact heat generation plotted as a function of reported contact resistivity for Si (n), GaN (^), and ZnO () nanowire devices from various studies (Si, 31, [38] [39] [40] [41] [42] ). Nanowire material type is designated by marker type. Data from each source are differentiated by color as indicated in the references. Data from this work are circled.
